This paper aims at presenting a model-to-data comparison of the Aerosol Optical Thickness (AOT) and of a few sparse data for Single Scattering Albedo (SSA) over Europe for one year. The optical parameters are computed from a size-resolved aerosol model embedded in the POLYPHEMUS system described in Mallet et al. (2007) . The method-5 ology is first described, showing that several hypothesis can be made for several microphysical aerosol properties. The simulation is made over one year (2001); statistics and monthly time series for the simulation and AERONET data are used to evaluate the ability of the model to reproduce AOT and vertically averaged SSA fields and their variability. The relation with the uncertainties of measurements is discussed. Then a 10 sensitivity study with respect to the mixing state of the particle, the way to compute the Aerosol Complex Refractive Index (ACRI) of a mixture and the way to take into account water uptake is carried out. The results indicate that the computation of AOT is relatively stable, while the computation of the single scattering albedo is much more uncertain.
Introduction
Global warming by greenhouse gases is now well understood and can be assessed. The understanding of the impact of aerosols is a much more challenging issue. Aerosol physical processes and direct or indirect effects on the atmosphere are still an open research field and then roughly described in the models. The third and fourth reports 20 of the Intergovernmental Panel on Climate Change (IPCC, Houghton et al., 2001 and Forster et al., 2007) declare that for all these factors, there is no precise estimate of the radiative forcing by anthropogenic aerosols. Current estimates give a cooling of the earth's surface, a warming of the atmosphere, and a negative budget at the top of atmosphere which is estimated to compensate part of the warming due to greenhouse 25 gases. As aerosol direct effects on radiative budget are due to the particles in the whole vertical column, it has been pointed out that the aerosol global models should validate and improve their vertical distribution. To access to this vertical information, comparisons between observed and simulated Aerosol Optical Depth or Thickness (AOD/AOT) have been published for global models compared to satellite measurements or/and ground-based stations measurements (e.g. Chung et al., 2005; Chin et al., 2002; Pen-5 ner et al., 2002; Kinne et al., 2006; Yu et al., 2006; Ginoux et al., 2006) . These models generally use fixed size distributions depending on the aerosol type (sea-salt, sulfate, etc.) in order to compute or tabulate aerosol extinction coefficients.
As the residence time of tropospheric aerosols ranges from 5 to 10 days (Seinfeld and Pandis, 1998) , even 1 day in the atmospheric boundary layer, and as the pro-10 cesses governing aerosol physics are complex, it is also interesting to investigate the aerosol vertical distribution at a smaller scale. Regional effects are significant for example on the heating rate of the atmosphere (see INDOEX campaign Ramanathan et al., 2001) . Also, as the key question about climate change deals with the effect due to anthropogenic activities, a special attention has to be paid to sulfate and black 15 carbon that have a cooling impact. For that interest, representation of urban areas is required, and the regional scale is more appropriate. Comparisons between satellitederived and simulated AOT from Chemistry-Transport Models have also been made (e.g. Robles González et al., 2003; Jeuken et al., 2001; Hodzic et al., 2004 Hodzic et al., , 2006 . Satellite measurements have the advantage that they provide horizontal information.
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As the AERONET network accounts for 100 stations, with a large part in Europe, it is now possible to use it in the same way as the ground-based networks for PM 10 have been used for validation. Moreover, AERONET AOT is used to validate AOT retrieved from satellite measurements: MODIS (Kaufman et al., 1997) , POLDER (Deuzé et al., 2001) , MeteoSat (Brindley and Ignatov, 2006) .
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Studying the radiative transfer to atmospheric aerosols is also important because of the effect on photochemistry by the modification of the actinic flux in presence of particles (Dickerson et al., 1997) . Moreover, the absorbing or scattering particles change their own properties such as their inner temperature. At microscale, change in the 1323 temperature of the particle modifies water condensation (semi-direct effect, Lohmann and Feichter, 2005) . This phenomenon also impacts cloud formation, so taking into account the feedback of aerosols on meteorology is also needed.
In this paper, we use a 3-D CTM (Polair3D, Boutahar et al., 2004) coupled with a size-resolved aerosol model (SIREAM, Debry et al., 2007) in the framework of
Computation of aerosol optical properties
As the model used to compute aerosols is a size-resolved model, outputs in one grid cell are the concentration of each aerosol species in each size section. Figure 1 shows the flow chart of the method used to compute AOT with model outputs and optical data. Each computing step is described hereafter. 
General equations
AOT at a wavelength λ is defined as the integral of the extinction coefficient b ext due to particles through the atmosphere:
where z TOA is the altitude at the Top Of Atmosphere and z g the altitude at ground level.
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The extinction coefficient is a function of the particle size, of the Aerosol Complex Refractive Index (referred as CRI or ACRI in the following paper) m and of the wavelength λ. For a polydisperse distribution of aerosols with the same ACRI m, the Mie theory (Mie, 1908) gives the extinction coefficient by the following formula:
where D wet is the wet particle diameter, D max wet the maximum wet diameter of the distribution, α wet = πD wet λ the size parameter, n(D wet ) the number size distribution function and Q ext (m, α) the extinction efficiency. The scattering coefficient is computed with the same formula from the scattering efficiency Q scatt (m, α).
The aerosol model is based on an assumption of internal mixing (aerosols in the 20 same size bin are supposed to have the same chemical composition). The model ouputs at one point of the domain are therefore the aerosol composition for each bin 1325 and for each vertical level. The AOT computation will be based on the same hypothesis: we consider that in each vertical layer, the aerosol population is divided into N bin groups where the discretisation of the diameter spectrum is constant (geometric average of the bin bounds). Then, in one bin in one vertical layer, the aerosols have the same optical properties (Q ext only depends on the bin i and the vertical layer k).
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Let N bin be the number of bins labeled by i and N z be the number of vertical levels labeled by k. The discretization of Eqs. (1-2) leads to:
where (z k ) k=1,N z +1 are the altitudes at the interface between the model layers and N i ,k 10 is the number of particle in the size bin i in the vertical layer k. D wet,i ,k and Q ext,i ,k stand for the wet diameter and the extinction efficiency of bin i in the layer k, respectively.
Computation of the dry ACRI
The computation of ACRI for a particle composed by several species should be made under an hypothesis on the mixing state of the particle. We propose here two mixing states: the well-mixed case and the core hypothesis.
Well-mixed hypothesis
Let N s be the number of chemical species inside the aerosol. Under the hypothesis that the chemical species are well-mixed inside the particle, ACRI of the particle can be computed with two formulas from ACRI of pure species (m s ) s=1,N s . One comes from CRI for organic and inorganic species are taken from the OPAC software package (Optical Properties of Aerosols and Clouds, Hess et al., 1998) and interpolated at the desired wavelength. CRI of water is interpolated from Pandis (1998) (p. 1117) . Table 1 gives the correspondence between model and OPAC species. The species with the largest imaginary part of CRI are the major absorbing components of 5 the aerosol. It is then noticeable that the major absorbing species are black carbon, dust, nitrate, ammonium and organic species. On the contrary, sulfate and sea salt are poorly absorbing components.
Core hypothesis
The hypothesis of a well mixed particle is rarely met in real atmospheric conditions, 10 especially for black carbon. Black carbon cannot be well mixed in the particle because of its geometry and solid state (Katrinak et al., 1993) . So black carbon can be treated as a well-mixed component, as a non-mixed component (core) or as an external component (external mixing). As Jacobson (2000) illustrated, this can influence the absorption cross section for small wavelengths (under 1 µm) and large diameters 15 (over 1 µm). Lesins et al. (2002) show that the mixing scenario significantly influences the imaginary part of ACRI and then the radiative direct forcing estimate (Chung and Seinfeld, 2002) . The semi-direct radiative forcing will also be impacted by changes in absorption. We can wonder in this study if these mixing rules influence the computation of optical parameters such as AOT, extinction and absorption and then our results.
20
In the case of a non-mixed component (core in a solution), we will use the MaxwellGarnett approximation (Maxwell-Garnett, 1904) , which is one of the most widely used methods for calculating the bulk dielectric properties of inhomogeneous materials. Maxwell-Garnett gives the following expression for the effective dielectric constant:
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where ε i are the complex effective dielectric constants (square of ACRI). The subscripts 1 and 2 stand for the inclusion (i.e. core, black carbon in the present study) and solution matrix (i.e. the envelope, all the other components well mixed in this study) respectively. The limit of validity for the theory is that 1. the size of the inclusions is small compared to the wavelength; 2. inclusions should be far one from another (because we neglect the multiple scat-5 tering of order greater than 2); 3. the volume fraction of the inclusion should be small.
The second point is not a matter for our case, where only one inclusion is considered. For the third point, Koh (1992) shows that the theory is still a good approximation for volume fractions up to 0.2, which means that aerosols should have a volume fraction 10 of black carbon less than 0.2, which is true for most of the cases over Europe in an internal mixing approximation (Putaud et al., 2004) . The first hypothesis is also met for most of the cases, black carbon existing in the coarse mode in very small quantities as compared to dust for example.
2.3 RH effect The computation of the wet diameter is a difficult task (the bins correspond to the dry diameter). Three ways for computing the wet diameter are implemented:
1. Hänel The Hänel formula (Hänel, 1976 ) is a relation between the wet and dry diameters 20 through RH:
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where ε ranges from 0.25 for organics to 0.285 for sulfate aerosol. We chose to take ε=0.25 as advised in Chazette and Liousse (2000) and Randriamiarisoa et al. (2006) for urban aerosols.
Gerber
The Gerber's formula (Gerber, 1985) gives the wet radius r wet (in cm) as a function 5 of the dry radius r dry (in cm), RH and the temperature T (in K):
C 3 is temperature dependent: C 3 (T )=C 3 1+C 5 (298−T ) . This formula has been written to fit measurements in Gerber (1985) , so it may be adapted to particular cases. We have chosen to take the coefficients (C i ) i =1,5 such as they fit the dry radii obtained with a thermodynamic module (Sportisse et al., 2006 , with ISORROPIA taken as reference):
.
Aerosol Liquid Water Content (ALWC)
It is also possible to take aerosol liquid water content as an output of the simulation
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(computed with the thermodynamic model ISORROPIA Nenes et al., 1998) . ALWC are then dependent on the chemical composition (but only for inorganic species). The wet diameter is computed from this ALWC, still considering a constant aerosol density. Figure 2 shows the differences between the wet diameter obtained with Hänel formula 20 and with the ALWC method for bin 4 (dry diameter of 0.22 µm) as a function of RH for 17 000 different thermodynamical conditions. This bin is in the accumulation mode, which accounts for the largest part of AOT (Randriamiarisoa et al., 2006) . Under a RH of 85%, we can consider that for most of the cases, the differences are small (in the 1330 range [−0.05,0.05] µm) compared to the diameter (in average 0.35 µm). At high RH, the differences could reach ±0.25 µm. This could be very sensitive and then the impact of such differences on AOT will be evaluated in the sensitivity study in Sect. 6.
Wet ACRI
From Eq. (5) and from the hypothesis of a constant aerosol density, we deduce the 5 relation between the wet ACRI m wet , the dry ACRI m dry , CRI of water m water and the ratio between the wet and dry diameters (also called Hänel's relation):
We will also consider a computation of AOT where black carbon is a core inside a mixture composed of the other species. ACRI of the mixture will be computed with
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Eqs. (5) and (10) and then Eq. (7) is used to compute ACRI with the black carbon core. 
Computation of the extinction coefficient
We compute the number of particles in one bin from the composition of the particles 
where M tot,i (z) is the total dry mass for bin i .
AOT
Finally, we compute AOT in one given atmospheric column from Eq. (1). 
SSA
The single scattering albedo used in this study (for comparisons to AERONET data) is computed as the ratio between the aerosol optical thickness due to scattering (AOT scatt ) and the total optical thickness. AOT scatt is computed in the same way as AOT, from the scattering cross section also given by the Mie code. AERONET (AErosol RObotic NETwork, Holben et al., 2001 ) is a network constituted by more than 100 ground-based remote sensing stations providing aerosol optical, microphysical, and radiative measured data. These stations are located world-wide and the network imposes standardization of instruments, calibration, processing and dis-
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tribution. This provides a basis for model-to-data comparisons at a large scale (here over Europe). It provides for each station, among other data, AOT directly measured by sun photometers and SSA retrieved from direct mesurements at different wavelengths (1020 nm, 870 nm, 675 nm and 440 nm). The data are taken from the AERONET website: http://aeronet.gsfc.nasa.gov/. The "level 2.0" data used in this study are 20 cloud-screened and quality-assured. The accuracy on AOT reaches 0.02 (Holben et al., 2001) . As given in Dubovik et al. (2000) , we set the absolute error on SSA to ∆SSA(440)=∆SSA (675) 
where α is the angström exponent given by
where X stands for AOT or SSA. Hamonou et al. (1999) give the relative error for computed data at 550 nm:
∆X (550) X (550) = 1 + 
Raw data are instantaneous data during daylight, so hourly data are instanta-
neous data averaged over one hour. As the asolute errors for measurements ∆AOT(440)=∆AOT(675)=0.02 is given for instantaneous data, the errors for hourly data at 550 nm are divided by the square root of the number of instantaneous data in one hour. Simulated data are taken on the same time basis as measurements. 
General configuration
Optical parameters over Europe are computed from outputs of the aerosol model SIREAM, hosted by the Chemistry-Transport Model Polair3D. SIREAM is a SIzeREsolved Aerosol Model, described in details in Debry et al. (2007) . SIREAM includes 16 aerosol species: 3 primary species (mineral dust, black carbon and primary or-5 ganic), 5 inorganic species (ammonium, sulfate, nitrate, chlorure and sodium) and 8 organic species solved with the SORGAM model (Schell et al., 2001 ). In the usual configuration, SIREAM includes 5 bins logarithmically distributed over the size spectrum, that ranges from 0.01 µm to 10 µm. All these models are embedded in the POLYPHE-MUS system, available at the web adress http://www.enpc.fr/cerea/polyphemus and 10 which is described in Mallet et al. (2007) . The simulation at continental scale has the same features as the simulation used for the model validation for PM 10 in Sartelet et al. (2007) . The main points are quoted hereafter.
The domain covers the area from 10.75 respectively, (Warneck, 1988) .
The meteorological fields are interpolated from the operational model of the Euro-
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pean Center for Medium-range Weather Forecast (http://www.ecmwf.int/products/data/ operational system/), with a resolution of 0.36 • horizontally, 60 sigma-levels vertically and a timestep of 3 h.
The boundary conditions for aerosol species are interpolated from outputs of the GOddard Chemistry Aerosol Radiation and Transport model (GOCART, Chin et al., 2000) for the year 2001.
The anthropogenic emissions for gases and aerosols are generated from the EMEP expert inventory for 2001 (available at http://www.emep.int).
Chemical species are transported through advection and diffusion. The chemical mechanism used for chemistry is RACM (Regional Atmospheric Chemistry Mechanism, Stockwell et al., 1997) . Aerosol and gases are scavenged by dry deposition, rainout and washout. We take into account coagulation and condensation. Nucleation is not solved because the diameters of nucleated particles (typically about 1 nm) are 10 lower than the lower diameter bound of the model. Aqueous phase chemistry inside cloud droplets is also described (Variable Size Resolved Model VSRM, Fahey and Pandis, 2001; Strader et al., 1998 ).
Results and discussion
We present hereafter comparisons between AERONET and simulated AOT for 2001.
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The option taken to compute the wet diameter of the particles is the third one (with ALWC). The reason for this choice that as ALWC is solved by thermodynamics, it should be the most physical way to compute the wet diameter. Black carbon is treated as a core in the particle (non well-mixed), so we use the Maxwell-Garnett formula, with black carbon as the inclusion and the other species (including water) as the solu-20 tion. The importance of these parameters will be assessed in the sensitivity analysis in Sect. 6. Figure 3 shows simulated AOT at 550 nm over Europe, averaged over the year 2001. We see that the main region with high AOT is North Africa, due to dust from Sahara.
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The other regions are the Eastern Europe, the Po and the Ruhr valleys. This corresponds to climatological AOT given by global models (Chin et al., 2002; Ginoux et al., 2006) , or to annual AOT given in Schaap et al. (2004) . The map of the latest is similar to Fig. 3 , but without high AOT values over North Africa because the study of Schaap et al. (2004) did not take into account mineral dust.
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Definition of the statistics used herafter are quoted in Table 2. Table 3 presents statistics for hourly data. These results indicate that there is a general good agreement between the simulation and observations. The mean differences between simulation and observation for hourly mean AOT range from 0.01 for Lille to 0.17 for El Arenosillo, if we except the Thala station with a very high value of 0.48. The correlations range 10 from 41.9% for Venice up to 84.9% for Biarritz. The RMSE are relatively low, in average in the vicinity of 0.2. It is noticeable that the model overestimates AOT for most of the stations (MNBE>0%), except for Biarritz station (MNBE=−34%). A reason for that overestimation could be the weak vertical discretization that leads to numerical diffusion.
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Equation (14) shows that the relative error of measurements increases with decreasing AOT values. Then, the part of the model-to-observations errors that could be assigned to the uncertainties of measurements depends on the value of AOT. To account for those uncertainties, the spectrum of AOT values for observations, ranging from 0 to 1.4, is divided into 14 classes with an interval of 0.1. Figure 4 shows the MNGE 20 between the model and the observations (blue bars), the averaged relative errors for measurements (black lines) and the number of available observations for each AOT class. For low AOT values (between 0 and 0.1), the error of the model is entirely included inside the error on measurements. For AOT between 0.1 and 0.7, a large part of the error could be attributed to the uncertainties on measurements, except for 25 the class 0.2-0.3 that presents a higher MNGE. For the class 0.7-0.8, the error for measurements is higher than the error of the model. For high AOT values, the measurements are reliable, so the model only generates the differences (more than 50% of MNGE for AOT between 0.9 and 1.1 and between 1.2 and 1.4). Processes that are not taken into account in the model (the resuspension for example), lack of emission sources, or errors in the transport of species are then the main sources of these discrepencies. These explanations are stressed by the fact that MNBE are negatives for high AOT values with a high MNGE, meaning that in these cases the model underestimates the observations. It should be noted that MNBE is positive for the AOT class 5 1.1-1.2, with a smaller MNGE. However, the number of data in the higher AOT classes is too small to conclude for a permanent behaviour of the model. Figure 5 shows the histogram of the angström exponent (computed from AOT at 440 and 675 nm), function of AOT at 550 nm for the observations. For small values of AOT, typically less than 0.4, where the model error is smaller than or equivalent to the 10 observation error, α>1.0 for almost all of the cases. These are pollution cases, and the model reproduces well this pollution. For high AOT values (more than 0.4), where the model error could be very large compared to the observation error, some cases where α>1.0 present high polluted episodes, but the majority presents dust episodes (α<1.0). For AOT>0.3, 700 dust cases are listed (α<1.0) versus 150 pollution cases. These results are comparable to results obtained with other models. For global model, in Chin et al. (2002) , AOT is overestimated at low aerosol levels, but simulated AOT agree within a factor of 2 and an overall correlation of 70% for monthly data and for all stations considered. AOT computed in Ginoux et al. (2006) Baumgardner et al., 2000) . In Paris, simulated SSA for our study lies in the range 0.88-0.90, which is coherent with the values obtained for the ESQUIF experiment (Raut and Chazette, 2007b; Chazette et al., 2005) . In the southeastern part of France, simulated SSA ranges here from 0.91 to 0.93, that is in the range 0.85±0.5 found in Mallet et al. (2003) . These low values for SSA over cities indicate that aerosol are more absorbing, certainly due to the high concentrations of soot from transport emissions. As the heating rate of the atmosphere is proportional to (1-SSA), this shows that industrial and urban regions are heated due to anthropogenic 1338 aerosols. Table 4 shows the average of SSA retrieved from AERONET measurements and the averaged simulated SSA at the same stations and the same time. The data for SSA are too few to make further statistics, but the simulated SSA lie in the range of observations. Figure 9 shows the time series of simulated SSA (blue line) and measurements (red 5 points) with the error associated to measurements computed as described in Sect. 3 (black lines) for year 2001 at Ispra station. Simulation shows SSA relatively close to the observations, except for a small period in May and a majority of measurements in November where the model seems to miss events for which absorbing elements dominate the aerosol chemical composition. In spring at Ispra station, there could be 10 more coarse particles due to dust events from Sahara and more well-mixed particles that are more absorbing (Kaskaoutis et al., 2007) , whereas the model considers here a core of soot for the calculation of optical properties.
Discussion and sensitivity study of aerosol optical properties
We present hereafter a preliminary investigation of the sensitivity with respect to the 3. the black carbon is well mixed with the other components; the wet diameter is computed with the Gerber formula (Gerber);
4. the black carbon is well mixed with the other components; the liquid water content and the wet diameter are computed with the Hänel's formulas (Hänel).
5 Tables 5, 6 and 7 report, respectively, the statistics of the fields for the AOT, the extinction coefficient and the single-scattering albedo computed with these five different versions over the whole domain and for year 2001. These fields are compared to the reference one. The RMSE between the computed AOT are lower or in the same order than those obtained for the model-to-data comparison.
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The differences for AOT are negligeable (correlations greater than 98%), showing that this parameter is relatively stable to our hypothesis for the computation of the optical parameters. The extinction coefficients are also not really sensitive to the tested parameters. As this coefficient is given at each level of the model, this shows that the stability of the AOT is not mainly due to the vertical agregation.
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The results for the single scattering albedo, also an agregated data in our case, are much more sensitive. Except the case were CRI of the well-mixed mixture is computed with the Lorentz-Lorenz formula (high correlation of 99%), the correlations are under 85% for the other cases. Particularly, the Hänel case, that is the most different one from the reference one in terms of modeling (different mixing of black carbon, different 20 computation of the aerosol water content and wet diameter) is correlated to the BC-core run with 75%. The RMSE of the 3 cases ALWC, Gerber and Hänel, different from the reference by the mixing hypothesis, have a RMSE larger than 0.02, that is a difference of 2% between scattering and absorbing part of the aerosol. So the uncertainties lie in the absorbing component of the aerosols, that is the imaginary part of their ACRI. AOT aerosol has a great impact on the calculation of absorbing properties, the advances in modeling the external mixing of aerosol in CTM could be of great importance. We can also guess that the way of computing the mixing state of the other species (insoluble like organics) can have an influence on the AOT, even if the effect is smaller than for black carbon. Also, the improvements in modeling the hydrophilic or hydrophobic prop-5 erties of organics and their relation to inorganics should give more precise contents for the water uptake of particles, that could have a great influence on the optical properties (see differences between Hänel and ALWC).
The uncertainties in computing the aerosol optical properties mainly lie in the determination of the chemical composition, and then ACRI. The Chemitry Transport Models 10 contain a lot of parametrizations and numerical algorithms that result in uncertainties in the chemical composition and size distribution. It is therefore important to further investigate these uncertainties.
Conclusion and perspectives
We described different ways to compute the aerosol optical properties from outputs 15 of a size-resolved model. Comparisons between simulated AOT from a complex 3D size-resolved aerosol model and AERONET data have shown good agreement, when taking into account the aerosol water content computed from the inorganics composition, and with the hypothesis that black carbon constitutes a core inside the particle. The stations in industrial and urban regions are fairly simulated with our model. The 20 stations influenced by dust are more badly reproduced due to boundary conditions. The simulated single scattering albedo, even in the right range in comparison with the data, could badly reproduce the observations in some particular cases. This shows the difficulties in simulating the absorbing part of the aerosol optical properties.
The hypothesis of the mixing state of the black carbon component has a great influ-
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ence on single scattering albedo, as well as the water content. A next step for the model is to improve the modeling of secondary organic component of particles and their hy-1341 drophylic or hydrophobic properties (Pun and Seigneur, 2007) . This improvement will also be a key contribution for increasing the accuracy of simulated AOT. Comparisons with other data will also be necessary. Satellite measurements provide a better spatial description and give an information that is similar to an average over one pixel (typically a grid cell) considered. They are therefore more representative 5 of the background aerosols than a ground-based station. Also lidar measurements will give more information about the vertical representation of aerosols and will be explored in future works. To investigate lidars at a continental scale, the EARLINET network has been created (Bösenberg et al., 2001) . But the advantages of using such high resolution data from lidar could be fully exploited at a regional scale; the investigation 10 of the LISAIR campaign (Raut and Chazette, 2007a) will be carried out in a future work.
The use of a complex model has to be more deeply investigated, and a more precise sensitivity study with respect to fine physical processes has to be performed. The atmospheric optical properties also depend on the number of particles. The number distribution is nowadays not validated because of the lack of observation. Validation of 15 the number distribution simulated by models has then to be investigated. This requires short-range simulations with appropriate models (perhaps Atmospheric Computational Fluid Dynamics codes).
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Statistic indicator Definition
Root mean square error (RMSE)
Mean normalized gross error (MNGE) 
